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ABSTRACT

The connectivity of ecohydrological and biogeochemical processes across time and space is a critical determinant of ecosystem
structure and function. However, characterizing cross-scale connectivity is a challenge due to the lack of theories and modelling
approaches that are applicable at multiple scales and due to our rudimentary understanding of the magnitude and dynamics
of such connectivity. In this article, we present a conceptual framework for upscaling quantitative models of ecohydrological
and biogeochemical processes using electrical circuit analogies and the Thévenin’s theorem. Any process with a feasible
linear electrical circuit analogy can be represented in larger scale models as a simplified Thévenin equivalent. The Thévenin
equivalent behaves identically to the original circuit, so the mechanistic features of the model are maintained at larger
scales. We present three case applications: water transport, carbon transport, and nitrogen transport. These examples show
that Thévenin’s theorem could be a useful tool for upscaling models of interconnected ecohydrological and biogeochemical
systems. It is also possible to investigate how disruptions in micro-scale connectivity can affect macro-scale processes. The
utility of the Thévenin’s theorem in environmental sciences is somewhat limited, because not all processes can be represented
as linear electrical circuits. However, where it is applicable, it provides an inherently scalable and quantitative framework for
describing ecohydrological connectivity. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Connectivity has different definitions in various disci-
plines. For example, in population studies, connectivity is
the degree to which the landscape facilitates or impedes
movement among resource patches (Taylor et al., 1993;
Tischendorf and Fahrig, 2000); in network communica-
tion, connectivity refers to the status that network remains
connected so that information collected by sensor nodes
can be relayed back to data sinks or controllers (Zhang
and Hou, 2005). Recently, the connectivity concept has
been applied to various physical processes within and
among ecosystems to better understand system dynam-
ics at large scales (Peters et al., 2006), although it is not
accurately defined in ecosystem studies. The working def-
inition of connectivity in this article is the connections in
ecological or hydrological processes that appear within
or among different spatial scales.

The abiotic media that connect environmental systems
include carbon, water, nutrients, energy, and momentum,
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as well as the interactions among them (Austin et al.,
2004; Wang et al., 2009). One of the major advantages
of studying connectivity in physical processes is to under-
stand the cross-scale interactions. For example, how
do variations of ribulose-1,5-bisphosphate carboxylase-
oxygenase (RuBisCo) function in C3 and C4 plants affect
landscape scale CO, fluxes. This knowledge will signif-
icantly improve our system predictions at larger scale
based on information from smaller scales (Peters et al.,
2004). However, quantifying cross-scale connectivity is
still a major challenge due largely to the lack of theories
and modelling approaches that are applicable at multiple
scales. Analogical models offer a potential approach for
quantifying cross-scale connectivity, which simulate the
behaviours of complex physical systems using laws and
theorems known to control component processes. Such
models have been successfully applied to simulate flows
of matter and energy in environmental systems. A well-
known example of analogical modelling in environmental
science is the parallel between Ohm’s law for electric cur-
rent flow (Honert, 1948) and Darcy’s law (phenomeno-
logically derived constitutive equation that describes the
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Figure 1. An example of application of Thévenin’s theorem to simplify electrical circuit. R; to Ry are resistors, V| and V; are voltage source, and
I, and I, are current source. Rt and V1 are the corresponding Thévenin equivalents solved based on the Thévenin’s theorem.

flow of a fluid through a porous medium) for groundwa-
ter flow (Dingman, 2008). The description of biophysical
processes with electrical circuit theory has many other
applications in the environmental sciences, including the
modelling of evapotranspiration as the resistance terms
in the Penman—Monteith equation (Jones, 1992).

In this article, we formulate analogical models that are
able to connect biophysical processes acting at differ-
ent scales through a consistent framework. The paradigm
may provide insight into landscape connectivity as well as
interactions between micro- and macro-scale ecohydro-
logical and biogeochemical processes. Specifically, our
objective is to evaluate the applicability of using electrical
circuit analogies and the Thévenin’s theorem to upscale
connectivity in a quantitative manner. Although the theo-
rem has been applied in electrical circuit theory for over
a century, its application in the environmental sciences is
relatively new (Campbell, 2003).

The Thévenin’s theorem is used to simplify electrical
circuits. It states that any linear combination of voltage
sources, current sources, and resistances can be equiva-
lently represented by one resistor in series with one volt-
age source (Dorf and Svoboda, 2006). Therefore, ecosys-
tem processes with linear electrical analogies could be
represented by their Thévenin equivalents in larger scale
models. This allows detailed interactions at a small scale
to be represented simply when scaling up. The represen-
tation of hydrological systems with electrical analogies
has a long history in the environmental sciences (e.g.
resistance terms in Penman—Monteith equation). The
Thévenin’s theorem would provide new opportunities for
using electrical analogies to systematically describe and
quantify connectivity should this framework prove to be
practically achievable over a wide range of processes.

Thévenin’s theorem: concept and principles

A key set of theorems from electrical circuit theory are
the Thévenin’s and Norton’s theorems that allow for
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linear circuits of resistors, current sources, and voltage
sources of any size and configuration with two terminals
to be represented by a single resistor and a single voltage
source in series (Thévenin’s theorem) or a single resistor
and a single current source in parallel (Norton’s theorem)
(Boylestad, 1982). The simplified ‘equivalent circuit’
behaves exactly as the larger circuit from the voltage
point of the connecting terminals (Dorf and Svoboda,
2006) (Figure 1). Campbell (2003) applied Thévenin’s
theorem to an electrical circuit model of sensible and
latent heat flux from plant canopies, representing the
flux of enthalpy and isothermal latent heat with a
single resistor and voltage source for each component
flux. In this work, we demonstrate the broad potential
use of the Thévenin’s theorem to represent different
ecological/hydrological processes (e.g. root water uptake
and carbon fixation at cell level) at small scales with
a simplified equivalent circuit, then subsequently use
these equivalent circuits as building blocks of analogy
networks representing processes at larger scales (e.g.
watershed scale leaching). In this fashion, we are able
to maintain representation of process at the micro-scale
when modelling at the macro-scale.

Application of the Thévenin’s theorem involves two
steps. First, the two terminals are connected with an
open circuit, and the voltage across the open connection
is calculated as the Thévenin equivalent voltage (Vi,).
Second, any independent sources are deactivated and
the Thévenin resistance (Ry,) is found through circuit
resistance reduction. The Thévenin equivalent circuit is
then made of one ideal voltage source (Vy,) in series with
a single resistor (Ry,). More complicated cases involving
independent and dependent sources may also be resolved
into a Thévenin equivalent circuit, and the reader is
directed to introductory circuit analysis texts for further
information (Boylestad, 1982; Dorf and Svoboda, 2006).
In the event that the particular configuration of the circuit
in question is not known, the Thévenin equivalent may
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Table I. Electrical analogies to ecohydrological and biogeochemical parameters and the corresponding units.

Water

Carbon Nitrogen

Voltage (V) Water potential difference, W
(Pa)

Mass flow through system, Q
(kg/m?/s)

Resistance to water movement
through soil pores, plant
xylem, and the
leaf—atmosphere interface
(kg/m?/ Pa)

Current (1)

Resistance (R)

Concentration difference of carbon
compounds (mol/m?)
Carbon flux density (mol/m%/s)

Impedance to carbon flow of a link
in the system (s/m)

Concentration difference of
nitrogen compounds (mol/m*)
Nitrogen flux density (mol/m?/s)

Impedance to nitrogen flow of a
link in the system (s/m)

still be determined. For example, in the laboratory, a
variable resistor and voltmeter can be connected to the
terminals of the circuit in question, and a series of voltage
measurements are then taken for different resistor values.
Voltage is then plotted as a function of resistance, and a
line fit to the data. The slope of this line is then Vy, and
the intercept is Ry, (Dorf and Svoboda, 2006).

In the following sections, we evaluate the applicability
of the Thévenin’s theorem to three processes across
multiple scales: water transport, carbon transport, and
nitrogen transport.

Case applications

Case I—water transport in plant, hillslope and water-
shed. Water transport processes define critical ecohydro-
logical interactions and connections. Substantial progress
has been made in terms of understanding how water flux
and transport affects ecological processes and vegetation
dynamics and vice versa. The integrated understanding
of ecohydrological interactions and connections at multi-
ple scales will help solve issues related to land use, land
cover, and climate changes, which remain a challenging
task. Such a challenge is neither trivial nor unique to
ecohydrology. Transport of water follows physical rules
although its description is typically empirical. Compli-
cated interactions and connectivity between ecological
and hydrological processes at multiple scales may be
described and quantified using physical principles. In this
section, we first illustrate the ecohydrological interactions
at the plant, hillslope, and watershed levels using elec-
trical circuit analogy based on our current understanding
of water transport and then connect these processes at
different levels through the Thévenin’s theorem. In the
theorem, the analogy of current is represented by water
flux, which is driven by the gradient of water potential
and regulated by biotic attributes and processes (such as
vegetation functional type and leaf area index) or by abi-
otic processes (such as topography, flow path, and atmo-
spheric condition). In this system, we can say / = V/R
by Ohm’s law, which leads to the following analogies
(Table I):

e Voltage (V) is a change in potential energy, represented
here by the water potential difference (W), in units of
pressure (Pa).

Copyright © 2010 John Wiley & Sons, Ltd.

e Resistance (R) is the degree at which an object opposes
flow through itself; represented here as the resistance
to water movement through soil pores, plant xylem,
and the leaf—atmosphere interface. It is in units of
kg/m?/s/Pa, as shown in Dewar (2002).

e Current (/) is the flow of mass through a system,
represented as water flux (q) per unit area per time,
in units of mass per unit area per time (kg/m?/s).

This exercise will not only provide an example of
possibly using the Thévenin’s theorem to quantify con-
nectivity across scales but also will illustrate the way of
how water cycling connects at each scale using electrical
circuit analogy.

Plant and soil level

Water transport in plants has been widely investigated
in ecophysiology (Philip, 1966; Kramer, 1974; Tyree
and Ewers, 1991; Kramer and Boyer, 1995) and is well
summarized by the soil-plant-atmospheric continuum
(SPAC) concept (Jarvis et al., 1981; Tuzet et al., 2003).
The SPAC is still one of the best frameworks to describe
the water transport pathway and connectivity between the
soil and atmosphere, and the electrical analogy diagram
of SPAC can be described in Figure 2.

As shown in Figure 2(a), with respect to the plant
resistor, all water flow is driven by potential gradients
between the soil and atmosphere and the atmosphere basi-
cally serves as a ground. Soil moisture [/oi_moisture (P> T'»
Soil, Vege)] is a current source, which is a function
of precipitation after accounting for interception losses
by canopy and litter, temperature, soil properties, and
vegetation properties. Soil moisture here is assumed to
be a steady-state variable at small time scale to meet
the circuit analogy requirement. The soil water poten-
tial, Wyoi1(0), is a function of volumetric water content
(m> m~3). Volumetric water content and water potential
(pressure) can be related through the soil water retention
curves for different soil texture classes (Clapp and Horn-
berger, 1978; Cosby et al., 1984) or using databases of
pedotransfer functions like Rosetta (Schaap et al., 2001).
The root potential in the soil, Wiy (0, 6, Cions), 1s a func-
tion of root density, root water content, and ion con-
centration (Fitter and Hay, 1987). The resistance to root
water flow is represented by R, (s/m). Next, water
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Figure 2. Diagram of electric circuit analogy for water movement at different scales. For plant resistor, W (6) is the soil water potential; /soil_moisture
(P, T, Soil, Vege) is the current source from soil moisture; Wrooi(p, 6, Cions) is the root potential in the soil; Wxylem(g, species) is the xylem water
potential; Wieaves(species) is the leaf water potential; Rgomata 1S the stomata resistance; Wym(p, e, T) is the atmospheric potential; for soil resistor,
Wil (0) is the soil water potential; Reyap is the resistance of flows from evaporation, including water loss from interception by the canopy, litter,
and soil evaporation from the surface; Inin(p, P, T') is current source of water from rainfall; Wym(p, e, T) is the atmospheric potential; for hillsope
resistor, Rplant (dashed box) and Ryl (dashed box) are the Thévenin equivalents of plants and soil; Roverland_flow s the resistances of overland surface
flow; Runsat is the resistance of flow due to the shallow unsaturated subsurface zone; Rgaizone 1S the resistance of flow from the saturated subsurface;
Wstream(2, vel) is the stream channel water potential. For watershed resistor, Rhiiislope (dashed boxes) is the Thévenin equivalent of hillslope; Wytream (2.
vel) is the stream channel water potential which is a function of the elevation and velocity of the stream; Rchannel is the resistance of flow due to
channel characteristics, such as length and travel time; Wyatershed(2z, Vel)is the watershed potential.

flows through the xylem where the xylem water poten-
tial, Wyylem(g, species), is primarily determined by height
along the tree stem and is regulated by the gravitational
potential, g (m s2), and frictional resistance along the
stem. The resistance to water flow through the xylem
vessels is Ryylem, Which is often represented by xylem
conductance Cyylem = 1/Ryylem. The leaf water potential,
Wieaves(species), is a function of leaf water content and
concentration of ions in leaves. The Penman—Monteith
formulation is commonly used to calculate the stomatal
regulation of water flux (Monteith, 1966; Campbell and
Norman, 1998). The resistance to flow regulated by the

Copyright © 2010 John Wiley & Sons, Ltd.

stomata, Rgiomata, 1S primarily a function of vapour pres-
sure deficit (VPD), CO, concentration, plant species, and
other factors. We note that this and the xylem resistance
are the only variable resistors along the plant water trans-
port pathway (e.g. the only resistor explicitly controlled
by plant physiology). The atmospheric water potential,
Wam(p, e, T), is a function of water vapour density, water
vapour pressure, and temperature. The advection and con-
centration of water can lead to high relative humidity
and subsequent low flow of water from the plant to the
atmosphere. The atmospheric water potential is calcu-
lated as Wy, = RT In(e/e®) where R is the gas constant,
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831 J K~! mol~!; T is the air temperature in Kelvin; e
is the water vapour pressure; ¢° is the saturation water
vapour pressure at temperature T'; e/e° is the fractional
relative humidity; and the resulting value is in Pa. The
resistance of flow at the plant canopy scale, Rea, is the
sum of aerodynamic resistance to momentum transfer and
the stomatal resistance.

Our current ability to quantify each process varies.
Some processes such as the water potential difference
required for moving water up a certain height of tree
[(W¥xylem(g)] are well understood and can be readily
quantified. For example, Miller et al. (2010) modified
Darcy’s law and calculated AP,—the maximum theo-
retical change in potential associated with overcoming
gravity and the frictional resistance of the stem in order
to reach a leaf at a given height above the ground as:

AP, = p,z (Ki + glofﬁ) )

s

where p,, is the density of water, 999 kg m?; z is the

length of the stem segment from the measurement point
to the leaf height, in m; gmax 1S the maximum rate of sap
ascent in the xylem measured by the sap flow sensors,
in m s!; K| is the hydraulic conductivity of the stem,
in kg s™' m~! MPa~!; g is the gravitational acceleration
constant, 9-81 m s~2; and 10~° converts from Pa to MPa.
However, other fundamental processes such as landscape
scale partition of evaporation and transpiration (e.g. the
relative contributions; Wang et al., 2010) are less well
understood, even with many theoretical values.

Similar to the plant resistor, for soil resistor (Fig-
ure 2(b)), all water flow is driven by potential gradients
between the soil and atmosphere. Wy (6) is a function
of volumetric water content (m> m=3). Wm(p, e, T), the
atmospheric water potential, is a function of water vapour
density, water vapour pressure, and temperature. Reyap,
the resistance to flow from evaporation, includes resis-
tance to water loss from interception by the canopy, litter,
and also resistance to water loss from surface soil. Such
resistance is primarily a function of VPD, temperature
and soil properties including water content, temperature
and diffusivity, etc. Inin(p, P, T) is current source of
water from rainfall and is a function of water vapour
density, pressure, and temperature in the atmosphere.
Rainfall could be related to larger scale phenomena such
as teleconnections (ENSO, DMLI, etc.), inter-tropical con-
vergence zone, and/or topography. Rainfall is often rep-
resented as a stochastic variable with some underlying
statistical process (Rodriguez-Iturbe and Porporato, 2004;
Laio et al., 2006; Katul et al., 2007). Rainfall here is
assumed to be a steady-state variable (e.g. mean monthly,
seasonal, or annual) to meet the circuit analogy require-
ment. For the current framework, the rainfall inputs
and soil moisture are time-averaged (e.g. monthly and
annual). The rainfall inputs may need to be modified
further for pulse-driven ecosystems, those with grow-
ing seasons out-of-sync with precipitation and those with
deep convection processes. The transient nature of soil

Copyright © 2010 John Wiley & Sons, Ltd.

moisture may also need to be taken into account, which
is critical in ‘flashy (pulse-driven)’ semi-arid ecosystems
(Vereecken et al., 2008; Wang et al., 2009).

Plot/hillslope level

Building upon the plant and soil level information
(Figure 2(a) and (b)), we incorporate the Thévenin
equivalents from the plant and soil level into a larger
scale—the plot or hillslope level (Figure 2(c)). This is the
scale at which ecosystem flux measurements are made,
typically using the eddy-covariance technique. The link-
age between plant—soil and hillslope scales using the
Thévenin equivalents provides potential opportunity to
correlate ecosystem water flux and variations in plant
functional types at smaller scale. As shown in Figure 2(c)
for hillslope scale, water accumulates on the hillslopes
and flows into the stream channel through various con-
nections at different fluxes depending on the resistances.
Surface roughness and vegetation patchiness result in
numerous surface flowpaths (Ludwig et al., 2002). Water
that infiltrates into the soil leaves the hillslope at different
times and depths, depending on the soil type and ero-
sional processes (Lohse and Dietrich, 2005). In addition,
soil macropores may exhibit threshold behaviour with
increasing soil moisture and can potentially create short
circuits in the system leading to large and rapid fluxes
of water (Leonard and Rajot, 2001; Weiler and Naef,
2003). In the diagram, W, (p, R, T') is the atmospheric
potential at the plant boundary layer. ¥,y is a func-
tion of density, pressure, and temperature. Rpjane (dashed
box) and Rey,p (dashed box) are the Thévenin equivalents
from smaller scale. The plant equivalent could include a
number of different plant resistors in parallel such as dif-
ferent plant resistances by Cs, Cy4, or Crassulacean acid
metabolism plants, different functional groups, grasses,
trees, succulents, or a breakdown by species within func-
tional groups. The soil water potential, W (z, 6), is a
function of volumetric water content and gravitational
potential (such as the elevation difference between the
top of the hillslope and the stream channel). Royerland_flow
is the resistance to overland surface flow and is a function
of surface roughness and topography. Resistance calcula-
tions may be related to roughness coefficients quantified
through the Manning’s equation for open channel flow.
Runsat 18 the resistance of flow due to the shallow unsatu-
rated subsurface zone and is a function of water content,
soil properties, and connectivity of the hillslope. Rgtzone
is the resistance of flow from the saturated subsurface and
is a function of soil and rock properties and equal to the
inverse of saturated hydraulic conductivity. The stream
channel water potential, Wyyeam (2, vel), is a function of
the elevation gradient and velocity of the stream.

Watershed level

As shown in Figure 2(d), Wam(p, R, T'), the atmospheric
potential, is a function of density, pressure, and tem-
perature at the plant boundary layer. Rpjsiope (dashed
boxes) is the Thévenin equivalent found from the hill-
slope level using Thévenin’s theory. These Thévenin
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equivalents could include a number of different stream
resistors in a branching series network. The stream chan-
nel water potential, Wgyeam (2, vel), is a function of the
elevation and velocity of the stream. The channel resis-
tance, Rchamnel, 18 the resistance of flow due to channel
characteristics, such as length, travel time, and could
be related to Bernoulli equations by linking flow speed
and pressure. These stream channels refer to the streams
not included in the hillslope scale. We could include a
feedback to the atmosphere from transmission losses if
desired. The watershed potential, Wyatershed (2, vel), is a
function of elevation and velocity. Continuing in this
manner, the extensions to regional or continental scales
which are represented by a series of connected watersheds
are possible.

The watershed level incorporates the models from sev-
eral hillslopes and multiple order streams, each with
its own characteristics (Figure 2(d)). This helps account
for spatial heterogeneity in landscape features that affect
water movement. The accuracy of incorporating the river
networks and hillslope vegetation distribution into the
electrical analogy at watershed scale could be improved
by better understanding of the organizational rules. For
example, the spatial structure of channel networks dis-
plays power law behaviour indicating a dynamic self-
organizing of the network (Rinaldo et al., 1998). In addi-
tion, the structure of basin vegetation types (Caylor et al.,
2005) and species distribution patterns (Franz et al.,
2010) have been shown to organize in dryland ecosys-
tems based on a resource trade-off hypothesis (Caylor
et al., 2009). Combining the principle of resource trade-
offs with simple water balance models (such as the one
presented above) may provide a tractable mathematical
framework for understanding and explaining the emer-
gent properties of dryland ecosystems across different
scales affected by both ‘eco’ and ‘hydro’ processes.

To illustrate the applicability of using the Thévenin’s
theorem to explore across-scale interactions, we solve
the electrical analogies at each level and apply it to a
very simplified scenario: the effect of shrub encroachment
on the hillslope scale water budget. In this case, we
assume shrub encroachment will have two major effects:
reduced evaporation (increase in Reyap) and more water
uptake by trees (decrease in Rpjan). We show that the
changes at plant and soil scale will reduce the hillslope
scale water flow (Figure 3). This is of course a rather
oversimplified scenario, but it shows that with improved
parameterization of the current, voltage source, and
resistors, we could potentially quantify the across-scale
water dynamics and interactions using the Thévenin’s
theorem.

Case II—carbon cycling in cells, leaves, and plants.
Plants assimilate carbon dioxide through a series of
interconnected biochemical and biophysical pathways
that operate at sub-cellular to organismal scales but are
the basis of large-scale processes, such as agricultural
productivity and biosphere carbon flux. The assimilation
models used to analyse and make predictions about

Copyright © 2010 John Wiley & Sons, Ltd.

30 T T T T T T T
25 1
ol ]
£
g 15} 1
5
o
10 1
5t ]
o L L . L L . .
0 50 100 150 200 250 300 350 400
Time

Figure 3. Response of water flow (current) to shrub encroachment at

hillslope scale. In this simplified scenario, we assume shrub encroachment

will have two major effects: reduced evaporation (increase in Reyap) and

more water uptake by trees (decrease in Rpjane) at individual plant and
soil scale.

these processes generally rely on empirical relationships
based on coarse spatial averages of vegetation parameters
(Monteith, 1977; Collatz et al., 1991) that do not account
for small-scale interactions and heterogeneities.

In this section, the electrical circuit analogy is extended
to carbon flow through ecosystems leading to a mechanis-
tic model of plant carbon assimilation that can be scaled
using the Thévenin’s theorem. The movement of carbon
occurs along concentration differences (voltage differ-
ences) and through the activity of carbon-fixing enzymes
and active transport in plants (voltage sources). The con-
nectivity of these pathways is determined by the plant
attributes and the availability of light, water, and nutrients
(resistances). Carbon flow (current) is equal to photo-
synthesis rate at the cell to leaf scale and net primary
productivity (NPP) at the ecosystem scale. The following
analogies are used (Table I):

e Voltage (V) is the concentration difference of carbon
compounds in units of concentration (mol/m?).

e Current () is carbon flux density (mol/m>/s).

e Resistance (R) is the impedance to carbon flow of a
link in the system (s/m) such that / = V/R.

We present electrical circuit analogies for a C;3 and a
Cy4 plants at the cell, leaf, and plant scale, showing where
properties of the circuit can be connected to physiological
measurements. By solving the circuits, we are able to
analyse how disruptions to the connectivity of the system
imposed by light and water limitation will differentially
affect C3 and C4 plants. We use the Thévenin’s theorem
to upscale the circuits and infer how NPP is related to
the proportion of C; and Cy4 plants in a landscape under
different water and light conditions.

Cell scale

The conversion of CO; to organic compounds is the result
of the Calvin cycle, a series of reactions occurring in the
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chloroplasts of photosynthetic cells. Carbon fixation is
an energetically unfavourable process and requires inputs
of energy from the light reactions of photosynthesis as
well as catalysis by the enzyme RuBisCo (Calvin, 1959).
RuBisCo can also catalyse a reaction with oxygen and ini-
tiate the photorespiratory cycle, which consumes energy
but does not fix carbon (Ogren, 1984). The Calvin cycle
is the same in C3 and C4 plants. C4 plants differ in that
they have a mechanism for preventing photorespiration,
though it has an energetic cost (Ehleringer and Monson,
1993).

Figure 4(a) shows the electrical analogies for the pho-
tosynthetic pathways and cells of C3; and C4 plants.
The CO, is introduced to the carbon fixation path-
way, which is the same in C; and C4 plants, at
point A where RuBisCo catalyses its addition to the
five-carbon compound ribulose 1,5-bisphosphate (RuBP),
initiating the series of reactions. The availability of
energy from the light reactions as adenosine triphos-
phate (ATP) and nicotinamide adenine dinucleotide phos-
phate (NADPH) is represented as resistances, which go
to infinity in the absence of light. In the C; plant,
RuBP may also be converted into a three-carbon inter-
mediary compound without the incorporation of CO,.
ATP is required for the regeneration of RuBP. Expres-
sions for the RuBP carboxylation and oxygenation rates,
given by VSrupisco/Rcoz2 and VSryisco/Ro2, Were devel-
oped by Farquhar (1979). The necessary rate parameters
have been determined in vitro using isotopic fractionation
methods for a number of plant species (Tcherkez et al.,
2006 and references therein).

The Thévenin equivalents of the photosynthetic path-
ways can be used as components of circuit analogies for
photosynthetic cells. In the C; cell, CO; reaches the car-
bon fixation system by diffusion through the cell and
chloroplast membranes. The resistances associated with
diffusion of CO, within the cells and across cell and
organelle membranes are equal to the inverses of the
diffusion coefficients that have been determined exper-
imentally (Evans and Caemmerer, 1996; Gorton et al.,
2003) multiplied by the diffusion path length. The C4
circuit encompasses two cells, with a strong diffusion
barrier between them (Ludwig ef al., 1998). The first is a
mesophyll cell where CO, binds with phosphoenolpyru-
vate (PEP) to form a four-carbon organic compound in
a reaction catalysed by the enzyme PEP carboxylase that
requires ATP. The compound is exported to a bundle
sheath cell where it is converted back into PEP and
CO, that can be assimilated. The carbon compound pro-
duced by the photosynthetic system is respired by the
cell, stored as starch, or exported from the cell.

The mechanisms of light and nutrient limitation of pho-
tosynthesis operate at the cell scale as shortages of energy
from the light reactions and nutrient-rich compounds such
as RuBisCo reduce carbon fixation rates. These limita-
tions can be imposed on the photosynthetic pathways in
the model and the change on carbon flux through the pho-
tosynthetic cell observed. We simulated the effect of light

Copyright © 2010 John Wiley & Sons, Ltd.

limitation on the C3 and C4 photosynthetic cells by solv-
ing the circuits for a range of ATP and NADPH resistance
values (Figure 5(a)). At low resistances (high light avail-
ability), the inefficiency associated with photorespiration
leads to lower carbon fluxes in the C; photosynthetic cell,
but as energy from the light reactions becomes scarce, the
energetic requirements of C4 photosynthesis is limiting.

Leaf scale

CO; reaches the photosynthetic cells by diffusing through
stomata on the leaf surface, the intercellular airspaces,
and the cell membranes. Circuit analogies are widely
used in describing the diffusion of CO, and water
vapour into and out of leaves (Monteith, 1977), with
the ease of flow through components of the system
generally expressed as resistances (or conductances, the
inverse). We coupled the established resistance model
to the Thévenin equivalents of the photosynthetic cells.
Active transport of photosynthate into the phloem for
translocation to other parts of the plant also occurs in
the leaves, and that is modelled here. Leaves provide the
connection between CO, in the atmosphere and carbon
in plant biomass, which is interrupted when plants close
their stomata to avoid water stress.

Figure 4(b) shows the electrical analogy for a leaf with
C; or C4 photosynthetic cells. CO, must diffuse through
the boundary layer, stomata, and intercellular airspace
in series. Stomatal resistance is the largest barrier to
CO, diffusion between the atmosphere and fixation in
the chloroplasts (Taiz and Zeiger, 2006). The resistances
in the model can be related to measured resistance values
(expressed in s/m) or empirical estimates of stomatal
resistance. The photosynthetic cells in the model are
connected to the intercellular airspace in parallel. The
cells do not need to be identical, so it is possible
to account for heterogeneity in cell attributes such as
RuBisCo abundance and light availability.

Leaves are assumed to be photosynthate sources. The
carbon compounds produced by the photosynthetic cells
are actively transported into the companion cells of
the phloem sieve tubes. Phloem loading concentrates
photosynthate in the phloem sap, and the voltage source
associated with this process should reproduce measured
concentration photosynthate in phloem sap (Doering-
Saad et al., 2002).

Diffusion of CO, into leaves via the stomata is
inevitably accompanied by the diffusion of water vapour
out of the leaf. When water availability is low, plants will
increase stomatal resistance to avoid losing water. The
effect of water stress on leaf photosynthesis rates can
be investigated by solving for the Thévenin equivalent
current of the leaf circuit analogy for different stomatal
resistance values (Figure 5(b)). Increasing stomatal resis-
tance results in a decrease in intercellular CO, concentra-
tions. As the abundance of CO, decreases relative to the
abundance of oxygen, photorespiration rates increase and
the photosynthesis rate of the C; plant decreases more
quickly than that of the C4 plant (Berry and Downton,
1982).
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Figure 4. Diagram of electric circuit analogy for plant carbon assimilation. In this diagram, there are nodes, voltage sources, and resistances. For nodes,
(RuBP) is ribulose 1,5-bisphosphate, (3PGA) is 3-phosphoglycerate, (1,3BPGA) is 1,3-bisphosphoglycerate, (G3P) is glyceraldehyde-3-phosphate,
(G3P), is exported glyceraldehyde-3-phosphate, (G3P), is glyceraldehyde-3-phosphate for regeneration of RuBP, (CO3)., (COy);, and (COy); are
carbon dioxide in the cytoplasm, lumen, and stroma, (Glycine) and (Serine) are glycine and serine, intermediates in the photorespiratory pathway,
(1,3BPGA) is 1,3-bisphosphoglycerate, (Starch) is carbon stored as starch in the chloroplast, (Sucrose) is carbon available as sucrose for cellular
respiration and export to the phloem, (CO3),, (CO2)p,. and (COy); are carbon dioxide in the atmosphere, leaf boundary layer, and intercellular
space, (N.R. Sugars) is non-reducing sugars in the phloem companion cells, (Biomass), is non-leaf aboveground biomass, (Biomass), is belowground
biomass. For voltage sources, VSrypisco represents the enzyme ribulose 1,5-bisphosphate carboxylase—oxygenase (RuBisCO) catalyzing the reaction
between CO; (introduced at point A) or oxygen with RuBP, VSguwn is the production of starch in the chloroplast, catalysed by ADP-glucose
pyrophosphorylase, VSgcrose 1S the production of sucrose for cellular respiration and export to the phloem, catalysed by sucrose phosphate synthetase,
VSp.1. is the phloem loading, the active transport of sucrose from photosynthetic cells to phloem companion cells, VS . is the transport of sugar by
bulk flow in the phloem, VS, and VS;,_p, are phloem unloading into aboveground and belowground biomass. For resistances, Rarp and RNAPH
are the resistances associated with the production of ATP and NADPH by the light reactions. These go to infinity in the absence of light, Ry
and Ry_s are resistances imposing a 5:1 stoichiometric ratio between carbon exported from the stroma and carbon used in the regeneration of
RuBP, R, is the resistance associated with diffusion across the thylakoid membrane, Rchm. is the resistance associated with diffusion across the
chloroplast membrane, Rarp and Rnapy are the resistances associated with the production of ATP and NADPH by respiration, Rco2 and Rop are
the resistances associated with the bonding of RuBisCo with carbon dioxide and oxygen, Rmit and Rper are the resistances associated with diffusion
through the mitochondria and peroxisomes, Rgyc is the resistance regulating the rate of glycolysis of starch to G3P, Ryesp is the resistance regulating
the rate of conversion of sucrose to carbon dioxide by cellular respiration, Ry is the resistance associated with diffusion of carbon dioxide through
the leaf boundary layer, Ry is the resistance associated with diffusion of carbon dioxide through the stomata, R. . is the resistance associated with
diffusion of carbon dioxide across the cell membrane, R;. is the resistance associated with movement through the phloem sieve elements, Rgrowth is
the resistance regulating the rate of conversion of sucrose into plant tissues, Rmort is the resistance regulating the rate of conversion of plant tissue
into detritus through mortality.
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Plant scale

Carbon moves through the plant from sources in the
leaves to sinks in aboveground and belowground non-
photosynthetic tissues. We represent leaves in the model
by their Thévenin equivalents, and heterogeneity related
to canopy position and leaf size can be incorporated.
Sugars are transported from the leaves via bulk flow in
the phloem and unloaded at sink tissues. The mechanisms
behind these processes are still a topic of debate and
active research. The model framework used here is
sufficiently general that adjusting the parameter values
could accommodate both active and passive models of
phloem transport. For the circuit analogy to work, we
must assume that the sources and sinks are in steady state.
To analyse NPP at the ecosystem scale, multiple plants
with different characteristics can be put into a circuit in
series.

Figure 4(c) shows the electrical circuit analogy for a
plant with multiple leaves. The leaves with the lowest
numbers are farthest from the centre of the tree. A
more complex branching structure could be introduced
by changing the pathways along which the F terminals of
the leaves are connected. According to the pressure-flow
model of phloem translocation (Munch, 1930), phloem
loading at the source tissues generates a negative solute
potential, increasing the turgor pressure of the cells,
and unloading at the sink tissues generates a positive
solute potential, decreasing turgor pressure. Water moves
from high pressure to low pressure with some resistance
from the membranes separating sieve tube elements
and moving sugars by advection. The voltage sources
associated with bulk flow and resistance associated with
sieve tubes should generate a current that agrees with
measured phloem mass transfer rates (Peuke et al., 2001).

The circuits for multiple plants with different attributes
can be connected in series to simulate an ecosystem,
with current through the parallel circuit analogous to
NPP. We solved circuits representing ecosystems with
combinations of C; and C4 plants under water-limited
(high stomatal resistance) and light-limited (low ATP and
NADPH availability) conditions (Figure 5(c)). Our analy-
sis shows, using the electrical circuit analogy scaled with
the Thévenin’s theorem, how decreases in the connectiv-
ity of small-scale carbon assimilation pathways translate
into changes in ecosystem scale carbon dynamics.

Case IlI—nitrogen transport in plant, plant—soil and
hillslope level. In this case application, we will illus-
trate the nitrogen transport across different scales:
plant, plant—soil, and hillslope levels. Similar to former
sections, we construct a hierarchy of electric analogies
for each level based on current understanding of nitro-
gen transport. We will solve the diagrams at the first
two levels (plant and plant—soil) to indicate cross-scale
interactions. In all the nitrogen transport diagrams, the
following analogies are used (Table I):

e Voltage (V) is the concentration difference of nitrogen
compounds in units of concentration (mol/m?).

Copyright © 2010 John Wiley & Sons, Ltd.
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-0

Current (1)

Currant (1)

— Water Limited
~ = = = Light Limited

Current (1)

Q 10 20 30 40 50 60 7o 80 80 100
Percent C4

Figure 5. (a) Response of carbon flow (current) through C3 and Cy4
photosynthetic cells over a range of values for the resistance associated
with energy inputs from the light reactions of photosynthesis. High
resistance values are associated with light limitation. (b) Carbon flow
(current) through C3 and C4 leaves over a range of values for stomatal
resistance. High resistance values are associated with water limitation.
(c) Carbon flow (current) through varying assemblages of plant circuits
connected in parallel. Plants in the water-limited system have high
stomatal resistance and low resistances associated with ATP and NADPH
availability. The light-limited system has low stomatal resistance and high
resistances associated with ATP and NADPH availability.

e Current (/) is nitrogen flux density (mol/m?/s).
e Resistance (R) is the impedance to nitrogen flow of a
link in the system (s/m).
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This exercise aims to demonstrate another example
of using the Thévenin’s theorem to upscale connectivity
interaction to different scales, as long as the interactions
are well represented in the electrical analogy circuits.

Plant scale

Nitrogen plays a critical role in plant growth, as it
is required for the synthesis of amino acids, proteins,
and DNA. Nitrogen transport within plants is ultimately
driven by the demand from leaf photosynthesis enzymes
and compounds, e.g. RuBisCo and chlorophyll. About
5-30% of RuBisCo (depends on plant functional types)
and 6% of chlorophyll are composed of nitrogen, by
mass. The form of nitrogen that is transported from the
assimilatory root to the shoot has been found to vary
widely among higher plants (McClure and Israel, 1979).
Nitrate, amino acids, amides, and ureides all have been
reported as principal forms of nitrogen in the xylem sap
of various plants (Bollard, 1957; McClure and Israel,
1979; Kato, 1981). Nitrogen can also be transported in the
phloem, but it is normally in the form of amino acids and
amides. Nitrate (NO37) can be incorporated into organic
compounds in both root and leaf tissue, whereas ammonia
(NH4*) is only synthesized into amino acids in the root
tissues near the site of uptake to avoid toxic accumulation
(Engels and Marschner, 1995). As a result, ammonium
is rarely seen in xylem sap. The plant nitrogen transport
process within xylem is simplified by Figure 6(a). In this
diagram, Vyylem and Vi are nitrogen pools in xylem
and leaves. VSpjant_demand 18 the voltage source associated
with plant nitrogen demand at leaves, which is the
driven force of nitrogen transport. Rxy3 is the resistance
associated with ammonium fraction transport in xylems,
Rnos3 is the resistance associated with nitrate transport in
xylem, and Rorganic nitrogen 18 the resistance associated with
organic nitrogen (e.g. ureide and glutamine) transport in
xylem. All the voltage and resistance terms are species-
specific or even developmental stage-specific, but they
are quantifiable, and as long as there are parameter inputs,
they could be simplified into a Thévenin equivalent.

Plant—soil scale

Nitrogen transport within plants could be simplified as
a Thévenin equivalent (Rpjan) and placed into plant—soil
scale. In this scale, plants take up nitrogen (e.g. NHy
and NOs;, dissolved organic nitrogen) from soils; these
nitrogen compounds are assimilated inside roots/shoots
and transported to various organs for assimilation. As
organic nitrogen uptake usually only occurs in extremely
nitrogen-limited situations (Chapin et al., 2002), the plant
nitrogen uptake in this article focuses on only inorganic
nitrogen (mainly ammonium and nitrate) uptake. Either
NH;* or NO3;~ can dominate the inorganic N pool of
an ecosystem; for example, in most mature undisturbed
forests, the soil inorganic N pools are dominated by
NHy* (Kronzucker et al., 1997). In well-aerated agri-
cultural soils or frequently disturbed sites, NO3~ is the
principal inorganic N source (Brady and Weil, 1999). The

Copyright © 2010 John Wiley & Sons, Ltd.

plant nitrogen transport process within plant—soil scale
is simplified by Figure 6(b). As it shows, the RNo3 uptake
is the resistance associated with nitrate uptake in roots,
which is a function of soil moisture in many model rep-
resentations (Porporato et al., 2003; Wang et al., 2009).
The VSammonium uptake 1S the voltage source associated
with plant ammonium uptake. Plant ammonium uptake
is a voltage source because ammonium is a cation and
its uptake depends on active transport mechanisms, e.g.
again energy and concentration gradient. The assimilation
of NH4™ is more energetically efficient when compared
to NO; ™, because NH,* can be directly incorporated into
glutamate via an NH4" assimilation pathway. Nitrate,
on the other hand, must first be modified via a reduc-
tion pathway before assimilation (Engels and Marschner,
1995). In addition to ammonium and nitrate uptake from
soil, biological nitrogen fixation converts atmosphere
nitrogen (V ymosphere) iNt0 ammonia, providing a source
for plant nitrogen. The V'Smosphere nitrogen 18 the voltage
source associated with nitrogen fixation as nitrogen fixa-
tion process is strongly against energy gradient. The plant
nitrogen (Vie,s), including both leaf and root nitrogen,
will go to soil through litterfall and root decomposition
and eventually go into soil organic nitrogen pool (Vsom)-
Soil organic nitrogen will be mineralized into ammonium
pool (Vammonium) and nitralized into nitrate pool (Vyirate)-
The Rmin and Rpimification are resistances associated with
mineralization and nitrification process. Soil nitrate pool
(Vhitrate) 18 also connected to atmosphere nitrogen pool
(Vatmosphere) thrOUgh denitrification process (Rdenitriﬂcation)y
which is controlled by soil water content, nitrate concen-
tration, microbe species, and abundance.

Hillslope scale

Building upon the plant—soil level model, we incor-
porate multiple Thévenin equivalents (e.g. multiple
plant—soil interactive systems) into a larger scale—the
hillslope level. Hillslope scale nitrogen transport is
simplified as in Figure 6(c). At the hillslope level,
besides the similar processes at plant—soil scale, the
nitrogen transport includes atmospheric nitrogen depo-
sition (Ryiwrogen deposition) and the subsequent nitrogen loss
including surface runoff (Rgyface runof) and groundwater
leaching (Rgroundwater leaching)- This is no doubt a simplified
nitrogen transport representation at the hillslope level, but
it captures the essential components of nitrogen transfor-
mation processes. Most importantly, this representation
incorporates the Thévenin equivalents of plant—soil level
and could be simplified into Thévenin equivalent, and
used for larger scales (e.g. watershed scale).

As mentioned in the previous section, both inorganic
nitrogen (e.g. nitrate) and organic nitrogen (e.g. amino
acids, amides, and ureides) can serve as principal forms of
nitrogen in the xylem sap. We solve circuits representing
individual plant scale and plant—soil scale to indicate the
cross-scale interactions (Figure 7). Our analysis shows, if
we hold everything else constant, that higher percentage
of nitrogen flow in inorganic form at individual level
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Figure 6. Diagram of electric circuit analogy for nitrogen transport at plant level (a), plant—soil level (b), and hillslope level (c). For plant level,
Vxylem and Viea¢ are nitrogen pool in xylem and leaves, Rnys is the resistance associated with ammonium fraction transport in xylems, Rnos is
the resistance associated with nitrate transport in xylem and Rorganic nitrogen 8 the resistance associated with organic nitrogen transport in xylem.
VSplant_demand 18 the voltage source associated with plant nitrogen demand at leaves. For plant—soil level, Vammonium> Vitrate» VsoM» and Vaumosphere
are nitrogen pools in ammonium, nitrate, soil organic matter, and atmospheric components, Ryjurateuptake 1S the resistance associated with nitrate
uptake in roots, VSammouniumuptake 18 the voltage source associated with plant ammonium uptake, Rmin, Rdenitrification> and Rnitrification are resistances
associated with mineralization, denitrification, and nitrification processes, V Snitrogen fixation 15 the voltage source associated with nitrogen fixation, Rpjant
(dashed box) is the Thévenin equivalent from plant scale. For hillslope level, Vamosphere is nitrogen pool in atmospheric component, Ruitrogen deposition»
Rsurface runoft> and Rgroundwater leaching are the resistances associated with atmospheric nitrogen deposition, surface runoff, and groundwater leaching,
Rplant—soil (dashed box) is the Thévenin equivalent from the plant—soil scale.

leads to higher overall nitrogen flow at plant—soil level
(Figure 7).

SUMMARY AND FUTURE DIRECTIONS

We demonstrate the possibility of using Thévenin’s the-
orem connecting three different ecosystem processes

Copyright © 2010 John Wiley & Sons, Ltd.

across scales: water transport, carbon transport, and nitro-
gen transport. Though preliminary, these examples show
that the Thévenin’s theorem could be successfully used
for upscaling connectivity for various ecohydrological
and biogeochemical processes. The Thévenin’s theorem
provides the ability to represent complex environmental
processes with a simplified circuit and allows for straight-
forward combinations of the Thévenin equivalents that
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Figure 7. Response of nitrogen flow (current) over a range of resistance

values at plant—soil level, which are associated with NO3 and organic
nitrogen transport at individual plant scale.

are developed at one scale (e.g. a Thévenin equivalent
circuit for a single plant) to simulate processes at a larger
scale (e.g. combination of equivalent plant circuits form-
ing a circuit representing a hillslope). As the Thévenin
equivalent behaves identically to that of the original cir-
cuit, any mechanistic representation is maintained when
moving to larger scales. The influence and connectivity
of elements at the micro-level on resultant processes at
the macro-level may then be investigated.

The limitations of using Thévenin’s theorem for
upscaling connectivity lie in: (1) the ability to accurately
represent ecosystem processes using electrical analogies
and (2) the applicability of the Thévenin’s theorem only
to linear circuits. Nonlinearity is a common phenomenon
in biophysical processes, e.g. the stomata response to
variations of soil moisture may not be linear. The first
limitation may be alleviated as our understanding of dif-
ferent ecosystem processes improves and the second lim-
itation could be potentially bypassed by breaking down
nonlinear circuits into smaller linear ones or by lineariz-
ing over finite ranges of behaviour. In addition, for small-
scale complex processes where underlying mechanisms
are not fully understood, the Thévenin equivalents may
still be developed using a technique similar to that of
the laboratory procedure for measuring voltages with a
variable resistor (cf. section of the Thévenin’s theorem
concept and principles).

Future work will include refining the electrical ana-
logue of different ecosystem processes and better param-
eterization of the voltage, resistor, and current sources.
For example, the resistor terms at plant and soil scale are
generally well quantified in many systems, but they are
much less known for the hillslope and watershed scales.
In addition, each process (e.g. water and nitrogen) is pre-
sented as a separated electrical analogy for simplicity.
However, across water-limited arid and semi-arid envi-
ronments, it has been long recognized that pulsed water
events strongly impact the biogeochemical cycling of var-
ious elements (Austin et al., 2004). For example, small
rainfall events in drylands will promote ‘hot moments’

Copyright © 2010 John Wiley & Sons, Ltd.

of increased CO, (the birch effect) and NOy production.
In addition, the spatial heterogeneity of arid environ-
ments leads to ‘hot spot’ locations (e.g. under the tree
canopies, or in riparian zones) where reaction rates are
disproportionately high relative to the surrounding matrix
(Schlesinger et al., 1990; McClain et al., 2003; Ravi
et al., 2009). As a further step for describing and under-
standing ecosystem processes, water, carbon, and nitro-
gen transport may need to be explicitly combined into one
framework when the processes are intimately linked, e.g.
photosynthesis from sub-cellular level to canopy scale.
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